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I.  INTRODUCTION 


Ion  implantation^  has  been  successfully  used  to  fabricate  both  p-  and 

p  C 

n-type  CdTe  ■’  and  to  produce  controlled  amounts  of  doping  in  the  closely 

P  ^7 

(  related  and  important  semiconductor  alloy  Hg^_jjCdj^Te.  ’ '  Electro-optic 

I  devices  such  as  infrared  detectors®  and  solar  cells^  have  been  fabricated 

using  ion- implanted  material.  However,  experimental  conditions  have  not  been 
optimized  to  obtain  the  most  favorable  outcome.  The  success  of  implantation 
'  doping  hinges  on  optimizing  the  annealing  process  subsequent  to  the 

:  implantation;  i.e.,  the  post-anneal  should  remove  all  the  lattice  damage 

caused  by  energetic  ions  being  projected  into  the  sample  and  promote  defect 
ch-^mistry  that  leads  to  activation  of  the  dopants  and  suppression  of 
deleterious  flaws.  Simple  and  reliable  techniques  that  are  capable  of 
providing  information  on  the  lattice  damage  and  the  electrical  behavior  are 
essential  to  tailoring  the  annealing  process  for  maximum  efficiency. 

Photoreflectance  the  contactless  and  nondestructive  electric- 

field-mod-iated  reflectivity  technique,  is  well  suited  for  such  an 
applicatior.  Differential  reflectivity  techniques are  relatively 
straightforward  to  implement  and  are  sensitive  to  lattice  damage.  In 
addition,  the  electric-field-induced  changes  in  the  reflectivity  contain 
information  regarding  the  electrical  behavior  of  the  semiconductor . 

We  have  used  PR  at  77  K  to  study  (100)  CdTe  implanted  with  boron  both 
before  and  after  the  annealing  process.  The  heavily  damaged  zone  and  regions 
that  are  partially  or  fully  recovered  due  to  annealing  can  be  identified  using 
their  spectroscopic  signatures.  In  addition  we  find  that,  even  for  a  large 
implant  dosage,  a  small  feature  characteristic  of  a  relatively  undamaged 
region  persists.  We  have  attempted  a  qualitative  order-of-magnitude  estimate 
of  the  volume  fraction  of  each  phase. 

The  CdTe  samples  used  in  this  study  had  already  been  characterized^^ 
using  a  variety  of  techniques  to  yield  structural  and  electrical  information; 
these  included  room  temperature  photoreflectance,  electron  paramagnetic 
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resonance  (EPR),  neutron  depth  profiling  (NDP),  double  crystal  x-ray 
diffraction  (DCXRD),  Rutherford  backscattering  spectrometry  (RBS),  and  Raman 
scattering  (P>S)  studies.  Careful  comparison  of  the  77-K  PR  signals  observed 
with  other  measurements  leads  to  a  better  understanding  of  the  sample  behavior 
and  advances  the  potential  of  PR  as  a  characterization  tool. 
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II.  EXPERIMENTAL  DETAILS 


Several  bulk  (100)  CdTe  samples  were  implanted  with  ions  using 
different  combinations  of  implantation  energies;  dosages  were  chosen  to  vary 
the  dopant  profiles  over  sufficient  depths  to  reflect  a  wide  range  of  possible 
device  configurations.  The  series  A  samples  used  four  implants  with  100,  200, 
300,  and  400  keV  ^  and  a  dosage  at  each  energy  of  2.5  «  10^^  ions  cm"^;  the 
series  B  samples  were  implanted  with  two  energies,  50  and  100  keV,  with  a 
dosage  of  5  and  10  x  10^^  ions  cm”^  of  ^®B'*’,  respectively.  The  post -anneal 
was  performed  with  samples  in  evacuated  quartz  ampoules  held  at  a  temperature 
of  -  500°C  for  1  hour.  The  implant  depths  are  expected  to  be  -  1  and 
0.5  urn  for  the  series  A  and  series  B  sets,  respectively.  Further  details  of 
the  implantation  procedure  may  be  found  in  Ref.  15. 

The  PR  measurements  were  performed  at  77  K  with  a  conventional  setup^^ 
that  used  an  He-Ne  6328A  laser  beam  as  a  pump  source;  the  intensity  at  the 
sample  surface  was  -  0.5  mW  cm”^ .  The  PR  line  shapes  were  recorded  near  the 
vicinity  of  the  Eq  and  the  E.|  critical  points.  The  penetration  depth  of  the 
probe  beam  in  single-crystal  CdTe  is  0.5  and  0.02  urn,  respectively,  near  the 
Eq  and  Ei  transitions.  The  sample  depth  near  Eq  is  comparable  to  the 
implantation  range,  whereas  the  E^  behavior  is  determined  by  a  shallow  near- 
surface  region. 
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III.  RESULTS 


The  PR  spectra  measured  from  the  series  A  ion-implanted  samples  near  Eq 
and  E.]  are  presented  in  Figs.  1  and  2,  respectively.  In  Fig.  1,  the 
unimplanted/annealed  standard  sample,  labeled  S,  exhibits  a  very  narrow  and 
intense  line  shape,  as  expected  from  a  high-quality  single  crystal.  The 
implanted/unannealed  sample  spectrum  shown  in  curve  A1  is  much  broader  and 
weaker  in  intensity,  but  with  a  small  sharp  feature  superimposed  on  it.  On 
annealing  (curve  A2),  the  spectrum  increases  in  intensity,  narrows  consider¬ 
ably,  and  develops  additional  complex  structure. 

The  E.|  spectral  line  shapes  for  the  same  set  of  samples  are  shown  in 
Fig.  2.  These  are  considerably  simpler  and  display  only  one  oscillation.  The 
sharpest  and  most  intense  is  curve  S,  measured  from  the  unimplanted/annealed 
stc.ndard  sample,  while  the  broadest  and  least  intense  signal  is  observed  from 
the  implanted/unannealed  sample  (curve  A1).  The  implanted/annealed  sample 
spectrum  falls  between  curves  S  and  A1  and  is  shown  in  curve  A2. 
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Photoreflectance 

CdTe  <  100  >  77K  ■  E 


UNIMPLANTEDIANNEALEDlSi 


IMPLANTEDIUNANNEALEDiAi 


IIVIPLANTED/ANNEALED(A2) 


Energy  (eV) 


Photoreflectance  Measurements  from  the  Unimplanted  and  A-Series 
Implanted  Samples  Near  the  Direct  Gap  Eq.  The  solid  curve  is  the 
best  computer  fit  to  the  data;  fit  values  of  transition  energies  are 
shown  using  arrows. 
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IV.  DISCUSSION 


A.  THEORY 

The  spectra  presented  in  Figs.  1  and  2  were  computer-fit  applying  a 

1 8 

least-squares  fitting  procedure  to  the  Aspnes'  electroreflectance  theory, 
with  multiple  contributions,  the  measured  signal  AR/R  may  be  expressed  as 
follows : 


where 


and 


(1) 


(2) 


iij  =  tan 


E  is  the  energy  and  n  is  a  number  that  depends  on  the  dimensionality  of  the 
critical  point.  The  intensity  and  phase  factors,  Cj  and  Sj,  respectively,  are 
treated  as  adjustable  parameters  along  with  the  transition  energy  E j ,  the 
broadening  r^,  and  an  energy-independent  background  B.  The  intensity  factor 
Cj  depends  quadratically  on  the  electric  field  strength  and  details  of  the 
band  structure  near  the  critical  point. 


B.  Eq  line  shapes 

The  results  of  the  computer  fit  for  the  Eq  line  shapes  measured  from  the 
series  A  samples  are  shown  as  solid  lines  in  Fig.  1,  and  the  energy  gap  and 
broadening  parameter  values  determined  are  presented  in  Table  1.  The 
un implanted/annealed  sample  (curve  S)  could  be  well  described  by  a  single 
sharp  and  Intense  line  shape,  as  expected  from  a  good-quality  single 
crystal.  For  the  implanted/unannealed  sample  (curve  A1),  the  line  shape 
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becomes  much  weaker  and  broadens  considerably,  as  expected  from  a  heavily 
damaged  region However,  a  sharp  feature  is  observed  superimposed  on  the 
broad  line  shape;  this  may  be  due  to  a  crystalline  fraction  that  survived  the 
implantation  process  or  perhaps  due  to  a  self-anneal  during  the 
implantation.  The  spectrum  was  fit  using  two  terms  in  Eq.  (1),  representing 
the  crystalline  and  the  heavily  damaged  regions.  On  annealing  (curve  A2),  the 
spectrum  becomes  more  complicated;  the  spectral  line  shape  suggests  a  broad 
and  weak  oscillation,  similar  to  that  observed  in  sample  A1,  with  two  sharp 
oscillations  superimposed  on  it.  A  three-term  fit  may  be  appropriate  in  this 
case,  each  representing  a  heavily  damaged  phase,  a  partially  recovered 
fraction,  and  a  fully  crystalli2ed  region. 

For  the  unimplanted  standard  sample  S,  the  best  results  were  obtained 

when  n  was  set  to  zero,  the  value  expected  for  a  two-dimensional  (2-D) 

critical  point.  The  2-D,  instead  of  the  normal  3-D  behavior,  is  expected  due 

to  the  modification  of  the  nature  of  the  transition  by  the  strong  excitonic 
1 R 

interaction.  °  The  very  large  intensity  also  points  to  a  large  excitonic 
contribution.  Since  all  the  measurements  were  performed  at  77  K,  excitonic 
contributions  will  play  a  much  more  dominant  role  than  in  room-temperature 
electroreflectance  studies.  Hence,  all  the  Eq  features  were  fit  using  a  value 
of  n  =  0. 

An  adjustable  constant  background  term,  B,  was  necessary  to  obtain  a 
statistically  meaningful  fit  for  sample  A1.  The  physical  origin  of  such  a 
background  may  be  the  multiple  reflection  effects  that  can  occur  near  Eq  due 
to  the  changes  in  the  optical  constants  as  a  result  of  heavy  damage.  The 
background  signal  is  not  an  artifact  of  the  measurement  procedure. 

The  spectrum  from  sample  A2  was  also  measured  under  optical  biasing, 
using  an  unchopped  laser  beam,  to  investigate  the  possibility  of  the  observed 
structure  arising  from  high  field  Franz-Keldysh  (F  K)  oscillations . The 
spectrum  recorded  under  bias  could  be  fit  with  the  same  transition  energies 
and  broadening  parameters,  but  reduced  intensity  factors.  No  change  in  the 
oscillation  period  expected  from  F-K  oscillations  was  observed.  This  suggests 
that  the  sample  behavior  is  consistent  with  the  description  used  here. 
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The  overall  quality  of  all  the  fits  was  good.  The  energy  gap  and 
broadening  parameter  values  determined  from  the  fit  for  the  unimplanted  sample 
are  in  good  agreement  with  earlier  observations.^^  In  light  of  the  previous 
results  on  these  boron-implanted  CeTe  samples,  uhe  presence  of  the  undamaged 
phase  in  sample  A1  is  unexpected.  Getting  et  al .  have  reported  that 
implantations  to  dosages  of  5  «  10  °  ions  cm  with  various  heavy  ions  failed 
to  produce  amorphous  CdTe.  Raman  scattering  and  RBS  measurements  on  similar 
boron- implanted  samples  also  suggest  the  presence  of  a  residual  crystalline 
region  near  the  surface. Of  course,  the  sharp  PR  signal  could  have  also 
originated  in  the  undamaged  region  beyond  the  boron  implant  range. 

The  behavior  of  the  B  series  samples  was  different  from  that  of  the 
A  series,  perhaps  as  a  result  of  the  heavier  implant  dose.  The  spectra  from 
the  implanted  unannealed  B  series  sample,  B1 ,  were  too  broad  and  weak  to 
warrant  a  careful  study.  The  line  shape  from  sample  B2  that  had  been 
implanted  and  annealed  was  similar  to  those  observed  under  high  field  con¬ 
ditions  with  a  large  F-K  contribution. No  detailed  fit  was  justifiable 
in  this  case.  Hence,  the  lowest  minimum  and  maximum,  along  with  a  three-point 
fit  method,  °  were  used  to  estimate  the  dominant  transition  energy  and  its 
associated  broadening  parameter.  These  values  are  also  shown  in  Table  1  and 
are  comparable  with  those  of  the  partially  recovered  phase  in  sample  A2. 

C.  LINE  SHAPES 

The  behavior  of  the  spectral  line  shapes  in  the  vicinity  of  the  E.| 
critical  point  are  simpler  and  more  straightforward  than  those  discussed  in 
the  previous  section.  As  seen  in  Fig.  2,  only  a  single  set  of  oscillations 
and,  hence,  a  single  transition  was  observed.  All  the  spectra  could  be  fit 
using  one  2-D  critical  point.  A  constant  background  was  used  in  all  the 
samples.  The  fit  results  are  shown  as  solid  curves  in  Fig.  2,  and  the 
transition  energy  (Ej)f  broadening  parameter  (fj).  background  (B),  and 
intensity  factors  (Cj)  determined  from  the  fits  are  presented  in  Table  2. 
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Table  2.  Parameter  Values  Determined  from  a  Least-Squares  Fit  to 
the  Spectra  Measured  Near  the  Critical  Point 

ID  Description  C  (eV^)  E  (eV)  rlmeV)  B 

O 


s 

Standard  - 

Unimplanted 

Annealed 

1.38  X 

10"”^ 

3.543 

46.0 

-8.24  X 

10'^ 

A1 

Implanted 

Unannealed 

5.94  X 

10"'^ 

3.494 

145.0 

-1.37  X 

10"^ 

A2 

Implanted 

Annealed 

8.70  X 

10"® 

3.51 

56.8 

-1.0  X 

10“^ 

B2 

Implanted 

7.63  X 

10'® 

3.478 

92.5 

1.75  X 

10"^ 

Annealed 
(series  B) 


The  unimplanted/annealed  crystalline  sample,  S,  displays  a  sharp  E^ 
spectral  feature.  The  implanted  sample  A1  exhibits  a  very  broad  and  weak  line 
shape.  The  fit  parameter  for  the  implanted  and  annealed  samples  are  much 
closer  to  S  than  to  AT,  suggesting  a  substantial  degree  of  recovery.  The  fit 
to  the  spectrum  from  sample  B2  of  the  heavier  implant  series  was  poor,  most 
likely  due  to  the  presence  of  the  large  electric  field  apparent  in  the  Eq  line 
shape  behavior.  The  spectrum  from  the  implanted/unannealed  sample  B1,  as  in 
the  case  of  Eq,  was  too  broad  and  weak  and  hence  not  studied.  The  constant 
background  was  comparable  to  the  noise  in  the  spectra  for  all  samples  except 
for  A1 . 


D.  SHIFTS  IN  AND  WITH  IMPLANTATION  AND  ANNEALING 

The  three  Eq  energy  values  observed  in  the  A  series  and  the  sample-to- 
sample  variation  in  the  energy  may  be  significant  and  reveal  additional 
information  regarding  the  state  of  the  implanted  and  annealed  regions. 

Lattice  damage,  local  strains,  electric  fields,  and  large  concentration  of 
dopants  may  lead  to  changes  in  the  measured  optical  transition  energies.  The 
sharpest  component  in  sample  A3,  in  the  vicinity  of  Eq,  occurs  at  the  same 
energy  as  that  in  the  unimplanted  sample  and  clearly  originates  in  a  region 
that  has  undergone  a  substantial  degree  of  recovery;  the  broader  line  width 
may  indicate  that  the  recovery  is  not  complete.  The  1 .57-eV  feature,  with  a 
larger  broadening  parameter  of  12  to  22  meV,  may  originate  in  a  partially 
recovered  fraction  or  recovered  regions  subjected  to  local  strains  and 
electric  fields.  The  broadest  Eq  component  in  samples  A1  and  A2  must 
originate  in  the  heavily  damaged  zone.  The  large  line  widths,  and  additional 
features  in  the  case  of  sample  A2,  reduce  the  accuracy  with  which  the 
transition  energy  value  of  the  broadest  component  can  be  established. 

However,  the  upshift  in  sample  A1  is  probably  reliable  and  may  be  the  result 

of  a  net  compressional  stress  exerted  by  the  large  density  of  implant 
20 

species. 

The  reduction  of  the  E^  energy  with  the  corresponding  broadening 
parameter  suggests  that,  the  larger  the  deviation  from  crystallinity,  the 
lower  the  E^  energy.  Ion  damaged  Si^^  and  GaAs^^  exhibit  a  decrease  and 
increase,  respectively,  in  the  E^  energy  with  implantation  dosage.  However, 
these  are  suspected  to  be  a  result  of  the  large  doping  densities  and  not 
directly  related  to  the  ion  damage.  In  the  sainples  studied,  it  has  been  shown 
that  the  implantation  and  annealing  leads  to  minimal  activation^^  of  the 
dopants,  and  the  down  shifts  are  probably  directly  related  to  the 
implantation  damage.  The  details  of  the  mechanisms  that  cause  the  shift, 
however,  are  not  well  understood. 
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E. 


CRYSTALLINE  VOLUME  FRACTION 


The  volume  fraction  of  the  crystalline  phase  in  a  sample  subjected  to 
implantation  and  annealing  is  an  important  parameter.  The  three  intensity 
factors  that  determine  the  individual  contribution  of  the  three  possible 
phases,  i.e.,  undamaged  or  fully  recovered,  partially  recovered,  and  heavily 
damaged,  may  contain  some  information  regarding  the  volume  fractions  of  these 
individual  phases.  Even  though  the  measurement  conditions  were  identical  in 
all  the  cases,  sample- to -sample  comparisons  of  the  values  of  Cj  shown  in 
Tables  1  and  2  are  not  valid  due  to  the  differences  that  could  be  present  in 
their  electronic  properties;  qualitative  comparison  of  two  phases  within  the 
same  sample  may  be  more  reasonable.  In  the  simplest  approximation,  if  one 
assumes  that  there  are  only  three  phases  and  that  they  are  distributed 
uniformly  throughout  the  sampling  volume,  then  the  values  of  Cj  should  be 
directly  propKDrtional  to  the  volumes  of  their  respective  phases.  However,  an 
examination  of  the  E-j  line  shapes  shows  that  the  recovery  for  sample  A2  is 
almost  complete,  leading  to  the  conclusion  that  the  near-surface  region  is 
nearly  crystalline.  This  suggests  that  the  degree  of  recovery  may  be  larger 
near  the  surface.  The  lower  damage  probability  from  the  projected  range 
calculations^^  and  profiling  using  NDP  measurements^^  are  consistent  with 

this  conclusion.  The  volume  fraction  of  the  crystalline  phase  determined  from 
considering  only  the  value  of  Cj  in  sample  A?  would  therefore  be  an  overest¬ 
imate.  These  arguments,  along  with  a  value  of  of  -  10"^  in  sample  A2, 

and  values  of  C2/C2  of  -  10”^  in  samples  A1  and  A2,  respectively,  strongly 
suggest  that  the  volume  fraction  of  the  undamaged  or  recovered  phases  are 
small.  It  is  clear  that  the  strength  of  PR  and  other  forms  of  electric-field- 
modulated  reflectivity  techniques  lies  in  the  fact  that  such  small  fractions 
of  the  crystalline  phase  can  be  detected.  The  disadvantage,  on  the  other 
hand,  is  that  the  damaged  regions  are  much  more  difficult  to  observe. 
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V.  CONCLUSIONS 


We  have  investigated  ion  damage  in  boron- implanted  CdTe  both  before  and 
after  annealing,  using  photoreflectance;  an  unimplanted  sample  was  studied 
under  identical  conditions  to  provide  a  comparison  standard.  Detailed  line 
shape  analyses  at  the  Eq  optical  transition  reveal  the  presence  of  three 
phases:  namely,  the  ion  damaged,  partially  recovered  and  undamaged,  or  fully 
recovered.  All  three  phases  were  present  in  the  implanted  and  annealed 
sample,  whereas  only  two  were  observed  in  the  implanted  sample.  The  behavior 
of  the  line  shape  suggests  that  the  recovery  near  the  surface  due  to 

annealing  is  significantly  larger.  An  estimate  of  the  recovered  crystalline 
fraction  suggests  that,  in  the  implanted  and  annealed  sample,  the  volume 
fraction  of  the  fully  and  partially  recovered  phases  are  <  10*^  and  <  10'\ 
respectively.  The  strength  of  PR  is  in  its  ability  to  detect  such  small 
crystalline  fractions.  The  results  presented  here  are  consistent  with  earlier 
studies  of  the  same  samples,  using  a  variety  of  structural  and  electrical 
probes . 
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LABORATORY  OPERATIONS 


Tht  Aerospace  Corporatloa  functions  as  an  ’'architect-engineer"  for 
national  security  projects*  specializing  In  advanced  military  space  systems. 
Providing  research  support,  the  corporation's  Laboratory  Operations  conducts 
experimental  and  theoretical  investigations  that  focus  on  the  application  of 
scientific  and  technical  advances  to  such  systems.  Vital  to  the  success  of 
these  Investigations  is  the  technical  staff's  wide-ranging  expertise  and  its 
ability  to  stay  current  with  new  developments.  'This  expertise  is  enhanced  by 
a  research  program  aimed  at  dealing  with  the  many  problems  associated  with 
rapidly  evolving  space  systems.  Contributing  their  capabilities  to  the 
research  effort  are  these  individual  laboratories: 

Aerophysics  Laboratory:  Launch  vehicle  and  reentry  fluid  mechanics,  heat 
transfer  and  flight  dynamics;  chemical  and  electric  propulsion,  propellant 
chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
spacecraft  structural  mechanics,  contamination,  thermal  and  structural 
control;  high  temperature  thermomechanics,  gas  kinetics  and  radiation;  cw  and 
pulsed  chemical  and  excimer  laser  development  including  chemical  kinetics, 
spectroscopy,  optical  resonators,  beam  control,  atmospheric  propagation,  laser 
effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state-specific  chemical  reactions  and 
radiative  signatures  of  missile  plumes,  sensor  out-of *f ield-of -view  rejection, 
applied  laser  spectroscopy,  laser  chemistry,  laser  optoelectronics,  solar  cell 
physics,  battery  electrochemistry,  space  vacuum  and  radiation  effects  on 
materials,  lubrication  and  surface  phenomena,  thermionic  emission,  photo¬ 
sensitive  materials  and  detectors,  atomic  frequency  standards,  and 
environmental  chemistry. 

Computer  Science  Laboratory:  Program  verification,  program  translation, 
performance-sensitive  system  design,  distributed  architectures  for  spaceborne 
computers,  fault -tolerant  computer  systems,  artificial  intelligence,  micro¬ 
electronics  applications,  communication  protocols,  and  computer  security. 

Electronics  Research  Laboratory:  Microelectronics,  solid-state  device 
physics,  compound  semiconductors,  radiation  hardening;  electro-optics,  quantum 
electronics,  solid-state  lasers,  optical  propagation  and  communications; 
microwave  semiconductor  devices,  microwave/milllroeCer  wave  measurements, 
diagnostics  and  radlometry,  microwave/millimeter  wave  thermionic  devices; 
atomic  time  and  frequency  standards;  antennas,  rf  systems,  electromagnetic 
propagation  phenomena,  space  communication  systems. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metals, 
al  loy'sT'c'er^ics ,  polymers  and*  their  composites,  and  new  forms  of  carbon;  non¬ 
destructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  analysis  and  evaluation  of  materials  at 
cryogenic  and  elevated  temperatures  as  well  as  in  space  and  enemy -induced 
envi ronmen t s . 

Space  Sciences  Laboratory:  Magnetospherlc,  auroral  and  cosmic  ray 
physics,  wave-particle  interactions,  magnetospherlc  plasma  waves;  atmospheric 
and  ionospheric  physics,  density  and  composition  of  the  upper  atmosphere, 
remote  sensing  using  atmospheric  radiation;  solar  physics,  Infrared  astronomy, 
Infrared  signature  analysis;  eifects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  earth's  atmosphere.  Ionosphere  and  magnetosphere; 
effects  of  electromagnetic  and  particulate  radiations  on  space  systems;  space 
instrumentation. 


